abstract: Literature data were collected on the floristic distribution and toxicity of phytochemicals to herbivores and on herbivore specialization in order to test phytochemical coevolution theory. The theory makes four predictions that can be tested with this information. Herbivores can adapt to novel, more toxic chemicals by becoming specialists, or they can become generalists but at the cost of lower feeding success on any particular host. Thus, the first two predictions are as follows: herbivores should do better on chemicals that are present in their normal host, and this pattern should be stronger for specialists than for generalists. The "escape and radiation" aspect of the theory holds that if a plant taxon with a novel defense chemical diversifies, the chemical will become widespread. Eventually, herbivores will adapt to and disarm it. So the third prediction is that more widespread chemicals are less toxic than more narrowly distributed ones. Because generalists should not do as well as specialists on chemicals disarmed by the latter, the fourth prediction is that the third prediction should be more true for generalists than specialists and should depend on presence/absence of the chemical in the normal host. Multiple regressions of toxicity (herbivore mortality and final weight) on three predictor variables (chemical presence/absence in the normal host, specialism, and chemical floristic distribution) and relevant interactions were used to test these predictions. Chemical presence/absence in the normal host, the interaction between this variable and specialism, and chemical floristic distribution had significant effects on both measures of toxicity, supporting the first three predictions of the model. Support for the fourth prediction (a three-way interaction among all predictor variables) was evident for final weight but not mortality, perhaps because growth is more responsive to toxicity differences than survival. In short, the phytochemistry literature provides broad support for the phytochemical coevolution model. *
Insects evolved to feed on terrestrial plants at least 400 million years ago, and herbivores and their host plants now comprise some of the richest assemblages in terrestrial communities (Price 1980; Strong et al. 1984) . Investigations into how such assemblages evolved have been guided by two well-founded observations. First, most herbivorous insects are specialized to one or a few host species (Jaenike 1990; Bernays and Chapman 1994; Thompson 1994 ), yet there are always some generalized feeders. Second, plant secondary chemicals, which play an important role in restricting herbivore diets, are toxic to some herbivores and harmless to others (Dethier 1954; Fraenkel 1959) .
Attempts to explain these observations eventually begot the theory of phytochemical coevolution (Dethier 1954; Ehrlich and Raven 1964; Berenbaum 1983a ). Its essence is that plants are selected to produce secondary chemicals in response to herbivore feeding, whereas herbivores respond by evolving disarming mechanisms. A by-product of this disarmament is the loss of ability to feed on other plant species. Through time, plants thus become more toxic and herbivores become more specialized. Also, plants that develop novel defenses enter a new adaptive zone and undergo phylogenetic diversification (Ehrlich and Raven 1964) . The same happens to herbivores that develop novel disarming mechanisms. This so-called escape and radiation (Thompson 1994 ) may be largely responsible for driving the coevolutionary process. As plant species containing a novel chemical diversify, selection for disarming mechanisms increases. Similarly, diversification of herbivores with disarming mechanisms increases selection for new or stronger defense chemicals.
The theory of phytochemical coevolution has been criticized on a number of points (e.g., Jermy 1976 Jermy , 1984 Strong et al. 1984; Howe and Westley 1988; Futuyma and Keese 1992; Farrell and Mitter 1993; Thompson 1994) . The most salient are as follows: first, although insects al-most certainly adapt to their host plants, selection on plants by insects is often too weak and variable to drive plant evolution; second, many plant defenses may be against microorganisms rather than herbivores; third, conflicting selection pressures from multiple herbivore and plant species may result in diffuse rather than focused coevolution; fourth, reciprocal adaptive diversifications between insects and plants may derive more from ecology and biogeography than plant chemistry; fifth, the predicted increase of specialization through time does not account for the frequent occurrence of derived generalists. Despite these criticisms, most would agree that herbivore/plant coevolution occurs (e.g., Gilbert 1971 Gilbert , 1975 Berenbaum 1981a Berenbaum , 1981b Berenbaum , 1983a but that it cannot explain all of the patterns of plant defense and insects' adaptation to their hosts.
Apparency theory, developed somewhat later (Feeny 1976; Rhoades and Cates 1976) , addresses a key question left unresolved by coevolution theory: Why are there so many generalists? It posits that "unapparent" plants are defended by toxic chemicals. Some herbivores adapt to and specialize on these just as predicted by coevolution theory. In contrast, "apparent" plants are defended by digestibility-reducing chemicals. Since it is difficult for herbivores to adapt to these, there should be less selection for specialism, and apparent plant faunas should contain more generalists (e.g., Futuyma 1976) . Apparency theory thus explains the existence of generalists better than coevolution theory. A corollary, the feeding specialization hypothesis, is that specialists can feed more efficiently on their hosts than generalists that must be adapted to feed on varied defenses (e.g., Scriber 1983 Scriber , 1984 .
Coevolution and apparency theory both agree that plant chemistry drives herbivore specialization. Implicit in this process is that specialization occurs because of evolutionary trade-offs; species that excel at one task will lose the ability to perform other tasks well (Futuyma and Moreno 1988; Jaenike 1990; Via 1990; Van Tienderen 1991) , probably because of allocation of limited resources or pleiotropy. Specialization is thus the trade-off for the ability to feed on hosts with increasingly toxic chemicals. However, apparency theory and its corollary, the host specialization hypothesis, permit an alternative strategy: retain a generalized feeding habit but at the cost of lower feeding success on any one host. Specialization may be particularly apt for insects with a "parasite" life history. Parasites live their whole life on one plant and therefore should be intensely selected for host specificity. In contrast, generalism may be particularly apt for "grazers" that feed on many host individuals during the course of development (Thompson 1994) . If these theories are correct, then we can make two predictions: herbivores should do better on chemicals to which they have become adapted than on novel chemicals, and this pattern should be stronger for specialists than for generalists. Support for these predictions would imply that specialists pay a cost for but get the benefits of specialism and that generalists pay a cost for but get the benefits of generalism.
The third and fourth predictions follow if coevolution drives successive radiations of plant taxa as defenses become increasingly toxic. Such radiations should also occur among herbivores that develop disarming mechanisms, but this issue is less controversial and will not be addressed by this article. If such "escape and radiation" occurs in plants, then defense chemicals that have developed early in the coevolutionary sequence should be older and more widespread and have relatively weak effects on herbivores. That is, defenses that were successful in the past should have produced adaptive plant radiations and therefore should be widespread today. However, since they are widespread, they would have produced intensive selection for herbivore countermeasures. By parallel reasoning, more recently derived chemicals should be more narrowly distributed and toxic except to the few specialists that have adapted to disarm them (Berenbaum 1983a) . Synthetic insecticides offer a modern metaphor and provide circumstantial evidence for the speed at which counteradaptation by herbivores can occur. Insecticides that are older and more widely used are less toxic today than they were when first developed, leading to the manufacture of more toxic replacements (Gould 1990; Pimentel et al. 1991) . So the third prediction is that more widespread chemicals are less toxic than more narrowly distributed ones. The fourth prediction again derives from the host specialization hypothesis: specialists should respond less to this toxicity gradient than do generalists for two reasons. First, because specialists pay the cost of specialization, any novel chemical may be very toxic regardless of its taxonomic distribution. If, however, the chemical occurs in the specialist's normal host, it may not be very toxic regardless of its taxonomic distribution. Second, this effect may be enhanced by life-history differences between specialists and generalists. Specialists may disproportionately comprise "parasites," and generalists may disproportionately comprise "grazers." So the fourth prediction is that the third prediction should depend on specialism, the effects of which should, in turn, depend on the presence/absence of the chemical in the normal host.
In addition to each chemical's toxicity, information on presence/absence of a chemical in the herbivore's normal host, herbivore specialism, and floristic distribution of chemicals is needed to test these four predictions. All of this information was collected from the published literature. Scores of laboratory bioassays from the plant defense and "natural insecticide" literature have examined the responses of generalists and specialists to specific plant chemicals. The predictions require that toxicity should respond to the presence/absence of the chemical in the herbivore's normal host (first prediction), the interaction between presence/absence and herbivore specialism (second prediction), the floristic distribution of the chemical (third prediction), and the three-way interaction among all three of these variables (fourth prediction). In order for phytochemical coevolution theory to have explanatory power, the signals of these responses, although they may be weak, must be separable from background variation in chemical toxicity and in the patterns of insect specialization.
Methods

Data Collection
We did systematic searches of books, journals, and gray literature that in our judgment were likely sources for the data sought. We found that intensive perusal and deeper searching of referenced material rather than reliance on abstracting services uncovers the most information. Bohlmann et al. 1973; Gibbs 1974; Jensen et al. 1975; Ellis 1977; Stumpf and Conn 1981; Murray et al. 1982; Seaman 1982; Harbourne and Baxter 1993) . Web pages, books, agricultural experiment station bulletins, and life-history articles as well as some of the bioassay articles themselves provided most of the information in herbivore host ranges (e.g., Oliver 1907; Mulkern et al. 1964; Soo Hoo and Fraenkel 1966a, 1966b; Popov and Ratcliffe 1968; Beckwith 1970; Tietz 1972; Wint 1983; Bowers 1984; Joern 1985; Navon 1985; Montllor et al. 1990) .
For the bioassay information, all species and chemicals tested in bioassays were included. The species comprised four insect orders (Lepidoptera, Coleoptera, Diptera, Orthoptera; table A1 in the online edition of the American Naturalist), and the chemicals fell into six broad classes including carbohydrates and lipids (organic acids, acetylenes, proteinase inhibitors, thiophenes, saccharides, fatty acids, etc.), alkaloids, other nitrogen-containing compounds (cyanogens, glucosinolates, amino acids, etc.), flavonoid phenolics, other phenolics (chromenes, coumarins, lignans, quinones, tannins, phenolic acids, etc.), and terpenoids (iridoids, saponins, cucurbitacins, sesquiterpene lactones, etc.; table A2 in the online edition of the American Naturalist). For uniformity of comparison, we included only studies where single purified chemicals were added to artificial diets or leaf discs/leaves of acceptable hosts. We did not include studies where the chemical was topically applied to or injected into the insect or where the chemical was part of a mix (except in a very few instances where we wanted to include particular herbivores and data on pure chemicals were unavailable) or had not been extracted from the host tissue. To be included in the analysis, the bioassay had to test at least one concentration of the chemical and have a control for feeding success on the diet in the absence of the chemical. We included a very small number of studies that had no controls if there was good circumstantial evidence that the control diet had no negative effect on the insect (e.g., survivorship was 100% on diets with low chemical concentrations). Some insects were tested against many more chemicals than others. This disparity is due to the common practice of choosing "standard species" to test the general effects of secondary phytochemistry against herbivores. The use of standard species has been justified because chemicals are often positively correlated in their toxic effects against many insects (Futuyma and Keese 1992) . We found acceptable bioassay data on 85 insect species (table A1 in the online edition of the American Naturalist) and 329 chemicals (table A2 in the online edition of the American Naturalist), making 892 insect/chemical combinations.
For information on the floristic distribution of chemicals and herbivore host ranges, we compiled as complete a list of plant species containing each chemical and of hosts fed on by each insect as possible. This sometimes required reference to more than one source. Chemical data were classified into six taxonomic range categories: one family, one genus; one family, two to 15 genera; two families; three to five families; six to 19 families; and 119 families. Host range data were classified into three categories: specialists, one to two families; oligophages, three to nine families; and generalists, greater than nine families. We tried other classifications, but they had no appreciable effects on the results. We were able to classify a large proportion of species and chemicals but not all of them (tables A1 and A2 in the online edition of the American Naturalist). These had to be excluded from analyses that required this information.
Nine different performance measures were used by various authors to evaluate chemical toxicity: mortality after a standard feeding period, final weight after a standard feeding period, percent reaching pupation (or some other stage, e.g., adult), time required to reach pupation (or some other stage), relative consumption rate (RCR), relative growth rate (RGR), efficiency of conversion of ingested food (ECI), efficiency of conversion of digested food (ECD), and approximate digestibility (AD). Measures RCR through AD are standard nutritional indices that are fully described elsewhere (Waldbauer 1968; Reese and Beck 1976a) . In addition, toxicity was sometimes summarized as an ED 50 . An ED 50 is the chemical dosage necessary to increase mortality or to reduce final weight by 50% from a control value. Mortality and final weight were measured most often and became the focus of the analysis. Since we were primarily interested in toxicity rather than repellency, feeding deterrence by itself was not considered. However, toxins almost always reduce feeding in addition to other effects. Thus, effects on mortality and weight that are apparently toxic might be due to a combination of toxicity and deterrence or, in a few cases, to deterrence exclusively. That is, insects die or do not grow because they are repelled by a particular diet and starve. The issue of deterrence poses little problem in making inferences when toxicity and deterrence are correlated (e.g., Erickson and Feeny 1974) , but in some cases they are not correlated (Bernays 1990 (Bernays , 1991 . In order to distinguish toxicity from deterrence, we also examined the nutritional index, ECI, which is the ratio of RGR/RCR. It thus permits a distinction to be made between reduced feeding (relative consumption rate) on a chemical and its actual toxic effect on growth (relative growth rate; e.g., Blau et al. 1978) . Many fewer data were collected on ECI, limiting the power of the analysis to detect patterns. Nevertheless, it at least permitted us to check some outcomes of the analysis that used final weight as a measure of toxicity.
Data Analysis
Toxicity was measured as the rate of mortality increase, final weight reduction, or decreased ECI with increasing chemical dosage. All mortality, weight, and ECI values were first converted to percentages of control values, and chemical dosages were converted into proportions of wet weight of the diet. Percentages were then transformed to standardized normal deviates, and these were regressed on log 10 -transformed chemical dosage. The transformations and regression form the basis for probit analysis, a venerable technique for evaluating chemical toxicity in bioassays (Finney 1971; Sokal and Rohlf 1995) . The regression was constrained to pass through the control value. A small number (0.0001) was added to each dosage to avoid taking the logarithm of 0 for the control. The resulting regression coefficients (slopes) generated the toxicity values for each of the three toxicity variables (mortality, weight, ECI). The ED 50 's were converted to regression coefficients by dividing the standard normal deviate for 50% by the logarithm of the dosage required to increase mortality or reduce weight by 50%.
The toxicity variables had to be adjusted before they were used in the main analyses. Although the majority of bioassays tested toxicity on the first larval instar, some tested later instars. Different studies were also run at different temperatures and allowed larvae to feed for different lengths of time. In order to reduce the effects of this variation, each toxicity variable was first regressed against three covariates: larval instar used in the feeding test, duration of larval feeding as a proportion of total larval period in days, and temperature (ЊC). The significance of each covariate was determined. Duration of feeding was significant for mortality, instar tested was significant for weight, and both were significant for ECI. Each toxicity variable was then regressed on its significant covariates, and the residuals from these regressions were used as the dependent variables in the main analyses.
Regression was used in the main analyses to assess the effects of three independent variables (specialism, chemical presence/absence in the herbivore's normal host, and chemical floristic distribution) on the three toxicity variables (mortality, weight, and ECI) generated in the probit analysis. The approach in each main analysis was to include all three independent variables and relevant interaction terms in a multiple regression. Three main analyses were performed, one for each of the three toxicity variables. A model selection procedure was used to determine the best regression on the basis of the largest R 2 . The results were then used as a guide to relevant patterns that were 
Data Dependencies and Spurious Correlations
We chose parametric regression for the analysis because the variables do not deviate unacceptably from the usual assumptions (normality and homoscedasticity) and because parametric methods are relatively powerful at detecting patterns in noisy data. However, many of the studies examine the impacts of different chemicals on the same or closely related herbivore species and the impacts of the same chemical on different herbivore species. The data are thus not strictly independent. Such dependencies violate the assumptions of any statistical procedure that could be applied to the analysis. In addition, there may particular insect taxa or chemical classes that may be driving the patterns or are otherwise critical to the results, or there might be correlations and misleading structures in the data that have little to do with the variables of interest. For example, specialism correlates with insect order (F p , , ) because two of the orders (Co-224 n p 918 P ! .00001 leoptera and Hymenoptera) have no oligophages or generalists in the data set. To test for lack of independence, we redid the main analyses after reducing the data set to include just one chemical per insect species. Chemicals were chosen to represent as wide a range of chemical classes as possible. There were still some cases where the same chemical was fed to different insects, but the number of such cases was drastically reduced. This procedure was extremely conservative, since it removed more than 80% of sample size from the analyses. To test for misleading structure in the data, we repeatedly redid the main analyses after removing individual insect taxa and chemicals (e.g., each of the four insect orders, each of the six chemical classes, and each of the four most frequently tested insect species and the three most frequently tested chemicals). Because of the conservative nature of some of these tests, in any case where a main effect or interaction became insignificant, it was retested with a simple regression.
Results
Main Analyses
Three of the four predictions were supported at least marginally by the main analysis with mortality as the dependent variable. The best regression chosen by the model selection procedure included presence/absence of the chemical in the normal host, chemical floristic distribution, specialism, and the 1 # 3 interaction. Just these terms were then run through a multiple regression on mortality. The first two were highly significant, and the fourth was marginally significant (  ; table 1 ). Specialism was not P ! .1 predicted to be significant by itself, and it was not. The three-way interaction among specialism, chemical floristic distribution, and presence/absence of the chemical in the normal host did not enter the model, giving no indication that generalists and specialists behave differently toward All four predictions were supported by the main analysis with final weight as the dependent variable. The best regression model included presence/absence of the chemical in the normal host, chemical floristic distribution, the specialism # presence/absence of the chemical in the normal host interaction, and the three-way interaction among specialism, presence/absence of the chemical in the normal host, and chemical floristic distribution. Specialism by itself did not enter the model. The four terms that entered the model were again run through a multiple regression, and all were significant (table 2). The three-way interaction indicates that generalists indeed respond more to differences in the floristic distribution of novel chemicals than specialists. The model R 2 was 0.24, somewhat higher than in the mortality analysis.
The same four terms from the analysis with final weight were regressed on ECI as a check for bias caused by deterrence rather than toxicity. Trends were all in the right direction, and no strong biases were apparent. However, only two of the four terms were significant (one marginally so), probably in part because of a sample size that was more than 80% smaller than in the analysis using final weight (98 vs. 510 df; table 3). The model R 2 was only 0.08, the lowest of the three.
Support for the first and third predictions came from two independent variables in the multiple regressions (presence/absence of the chemical in the normal host and floristic distribution of the chemical). Both variables make strong and consistent contributions to the mortality and weight analyses, a contention reiterated by simple regression ( figs. 1, 2) . Support for the second and fourth predictions came from interactions among these terms, and support was consistent for the second prediction and more ambiguous for the fourth prediction. Because of the less direct nature of this support and its ambiguity for the fourth prediction, we performed additional analysis to explore these patterns further.
Subsidiary Analyses
The second prediction holds that specialism is advantageous because the herbivore will thrive on chemicals to which it has become adapted. The disadvantage is that it will do poorly on others. The advantage of generalism is that feeding is successful on many different plants with varied chemistry. The disadvantage is that success is not as high as for the specialist on chemicals in the specialist's normal hosts. The significant interactions between specialism and presence/absence of the chemical in the normal host support the prediction. However, it can be tested more directly. The data are first subdivided into two groups. The first group comprises all chemicals that are in the normal hosts of the more specialized species (specialists and oligophages). This is irrelevant for generalists, and so the first group includes chemicals regardless of whether they are in the normal hosts of the generalists. The second group comprises all chemicals that are not in the normal hosts of the more specialized species. Again, the criterion does not matter for generalists, and so the second group also includes chemicals regardless of whether they are in the normal hosts of the generalists. The data sets thus overlap somewhat, but this grouping has the advantage of increasing sample sizes.
Separate regressions of toxicity versus specialism are then carried out on the two data groups. If the second prediction is correct, then toxicity should decrease with increasing specialism in the first group and increase with increasing specialism in the second group. Regression coefficients should therefore be positive for the first group and negative for the second group in the mortality analysis and vice versa in the final weight analysis (mortality increases with toxicity, whereas final weight decreases with toxicity). This is indeed the case (figs. 3, 4), lending further support for the second prediction. The fourth prediction holds that the effects of chemical floristic distribution on toxicity should be stronger for generalists than specialists and should be stronger for chemicals to which the herbivore is not adapted than for those to which it is adapted. This latter effect should also depend on whether the herbivore is generalist or specialist. The ambiguous results from the main analyses prompted further examination of this prediction. If specialists pay a cost for specializing, then they should do worse on any chemical to which they are not adapted regardless of its floristic distribution. So presence/absence of the chemical in the normal host should be a more important predictor of toxicity relative to chemical floristic distribution for specialists. However, generalists should be able to handle novel chemicals as long as they are widespread and of low toxicity, but they should do poorly on narrowly distributed toxic ones. Chemical floristic distribution should therefore be a more important predictor of toxicity relative to presence/absence of the chemical in the normal host for generalists.
These subsidiary predictions were tested in multiple regressions of presence/absence of the chemical in the normal host and chemical floristic distribution on toxicity (mortality and final weight). Separate regressions were run for specialists and generalists. Oligophages were not considered in this analysis. The relative importance of the independent variables was determined by comparing their slopes (regression coefficients) in each multiple regression. All variables were standardized before analysis in order to make the slopes comparable.
With mortality as the dependent variable, presence/absence of the chemical in the normal host is more predictive of toxicity than chemical floristic distribution for specialists as predicted. The regression coefficient for the former is more than twice that of the latter ( eralists, chemical floristic distribution increases in importance relative to presence/absence of the chemical in the normal host, which is also as predicted. However, the former does not overtake the latter in importance; both variables are about equally predictive of toxicity (table 4) . With weight as the dependent variable, presence/absence of the chemical in the normal host is less predictive of toxicity than chemical floristic distribution for specialists, which is just the opposite of the case for mortality. However, the regression coefficients are actually quite similar, and the two variables have roughly equal predictive power (table 5) . For generalists, chemical floristic distribution again increases in importance relative to presence/absence of the chemical in the normal host as predicted, but now the former exceeds the latter in predictive power (table  5) . So to summarize, the relative importance of the two independent variables shifts with generalism and specialism according to the predictions. The shifts are not always large, which may explain why the tests of the fourth prediction in the main analyses were ambiguous. Moreover, the shift occurs from different relative levels of importance in the morality and weight analyses. Presence/absence of the chemical in the normal host is more predictive overall in the mortality analysis, whereas chemical floristic distribution is more predictive overall in the weight analysis. The reason for this difference is not known, but it explains in part why the independent variables do not switch in rank order but only shift in relative importance between the analyses for generalism and specialism.
Tests for Dependence and Structure in the Data
After reducing the data set to include just one chemical per species, the P values for each term in the main analysis n p 55 n p 53 ( ), respectively. In the main analysis for mortality, n p 50 the P values were .058, .206, .790, and .668 for chemical presence/absence in the normal host, chemical floristic distribution, specialism, and the two-way interaction between specialism and chemical presence/absence in the normal host, respectively ( ). When mortality was n p 62 regressed on each term in simple regressions, the P values were .0001 ( ), .108 ( ), .751 ( ), and n p 73 n p 66 n p 69 .026 ( ), respectively. Thus, even in this extremely n p 69 conservative analysis for lack of independence, the trends from the main analyses are still detectable, if not always in the multiple regressions, then at least in the simple ones.
Removal of each of the three most frequently tested chemicals (tannin, rutin, gossypol) and the six chemical classes from the two main analyses had no qualitative effect on the results. All significant terms remained significant. Removal of three of the four most frequently tested species (Heliothus zea, Heliothus virescens, Calosobruchus maculatus) also had no qualitative effect on the main analyses. Removal of Pectinophora gossypiella from the final weight analysis reduced the significance of the two interaction terms (two-way interaction:
; three-way inter-P p .123 action: , ). Both of these terms include P p .217 n p 459 specialism, and Pectinophora comprises a substantial proportion of the specialists in this analysis. Nevertheless, both interaction terms were highly significant in simple regressions without Pectinophora (two-way interaction:
, ; three-way interaction: , P p .0016 n p 521 P p .00001 ). Removal of each of the four insect orders (Lepn p 459 idoptera, Orthoptera, Coleoptera, Hymenoptera) again had no qualitative effect on the mortality analysis. This in spite of the fact that most of the insect species are Lepidoptera, and removal of this order reduced the sample size by more than 75%. Removal of three of the four orders had no effect on the final weight analysis, but removal of Lepidoptera resulted in loss of significance of all four terms (presence/absence of chemical in normal host: ; P p .559 chemical floristic distribution:
; two-way inter-P p .217 action:
; three-way interaction: ; P p .244 P p .989 n p ). Removal of Lepidoptera resulted in over an 80% loss 83 of sample size in this analysis. Nevertheless, all terms were significant in simple regressions except for chemical floristic distribution ( , ). In summary, there P p .375 n p 87 is some indication that Lepidoptera at least in part drive the trends in the final weight analysis, which is not surprising considering that most of the insects tested are Lepidoptera. In addition, Pectinophora partially but probably not completely drives some of the patterns attributed to specialism in the final weight analysis. Again, this is not surprising, since Pectinophora comprises a large proportion of specialists in this analysis. In spite of these trends, the main analyses were remarkably stable in these tests for independence and structure in the data.
Discussion
Several key predictions of the coevolution and apparency theories were supported by the analysis. Specialists pay a cost for but get the benefit of specialization, generalists pay a cost for but get the benefit of generalization, widespread chemicals are less toxic than narrowly distributed ones, and, to some extent, specialists and generalists differ in their responses to chemical floristic distribution and to the presence/absence of chemicals in their normal hosts. However, the three measures of toxicity do not show the same sensitivity to the independent variables. Final weight is most sensitive, mortality is less sensitive, and ECI is the least sensitive. These differences are not surprising. The first effects of a toxin on herbivore fitness are expected to be reductions in growth rate. Only after longer-term feeding and/or higher dosage would individuals actually start to die (e.g., Erickson and Feeny 1974) . Similarly, ECI is expected to be less sensitive than final weight independent of sample size. The ECI removes the effects of reduced consumption from the growth response to toxicity. Reduced consumption often works in combination with physiological toxicity to reduce final weight of the developing individual. The fact that ECI trends in the same direction as final weight suggests that physiological toxicity is an important component of herbivore fitness. Nevertheless, the low sensitivity of ECI implicates altered feeding behavior as an additional component. It is clear from the analysis that the four predictions are not deterministic. They are instead somewhat vague because of the noisiness of the data and because for each prediction supported by the analysis, there are ample counterexamples. Specialists often suffer negative effects from chemicals to which they are supposedly adapted (Appel and Martin 1992) . Adapted generalists sometimes do as well on the chemicals in their normal hosts as adapted specialists (Blau et al. 1978; Fox and Morrow 1981) . Nonadapted generalists sometimes do no better than nonadapted specialists on novel chemicals (this study). Widespread chemicals are not always more benign than narrowly distributed ones (this study). Nevertheless, the predictions are supported on average. In other words, many processes might explain variation in toxicity, but there is a detectable signal that can be attributed to standard plant defense theories.
Noisy data are a common problem with large-scale literature analyses for several reasons, some of which are methodological. Results of bioassays run on different diets by different individuals at different times and places are expected to vary for reasons that have little to do with plant defense. Sometimes the data are incomplete. For the independent variables, some of the lists documenting a chemical's presence in a plant and plants fed on by particular herbivores are not comprehensive. For the dependent variables, regression coefficients measuring toxicity from converted ED 50 's and those generated from only one chemical concentration and a control are based on only two data points. Obviously, such coefficients will vary more widely than those based on more data. Varying degrees of incompleteness will decrease the signal to noise ratio in the analysis, making it more difficult to detect significant patterns. The problem can be ameliorated somewhat by the large amounts of information compiled and by grouping the data, as we have done, into categories. Data should not be left out of the analysis just because they are incomplete. Such data contain valuable information that can be included in tests of broadscale comparisons.
Methodological problems are not the only cause of data noisiness. Mechanisms other than those predicted by coevolution and apparency theory might be responsible for differences in toxicity and specialism. For example, resource availability theory predicts that differences in toxicity might depend on the costs versus benefits of defending plant parts (Coley 1983; Coley et al. 1985) , regardless of chemical floristic distribution, insect adaptation to the host, or specialism. Another possibility is that whole chemical classes (e.g., cyanogens vs. flavonoids) might vary in toxicity, perhaps because of differing evolutionary rates or simply by chance. In a similar vein, specialism might evolve as a response to not only plant chemistry but also natural enemy attacks (Bernays and Graham 1988) or other genetic considerations (Futuyma 1986 ). At present, variation due to these mechanisms must be absorbed into the error terms of our analyses until it can be thoroughly investigated.
One possible objection to the use of laboratory bioassays to test defense theories is that they are too simple to infer the behavior of herbivores in natural settings. The effects of chemistry in nature can be made complicated by the internal state of the insect (Dethier 1982; Ramachandran et al. 1989) , by genetic differences among individuals (Lindroth and Weisbrod 1991; Berenbaum and Zangerl 1993) , by interactions between chemistry and nutritional level or other factors such as UV light (Berenbaum 1978; Lincoln et al. 1982; Gatehouse and Boulter 1983; Champagne et al. 1986; Bryant et al. 1987; Johnson and Bentley 1988; Berenbaum et al. 1991; Lindroth and Bloomer 1991; Trumble et al. 1991; Joseph et al. 1993; Berenbaum and Zangerl 1994) , and by its impact on higher trophic levels (Thurston and Fox 1972; Campbell and Duffy 1979; Wisdom 1985; Faeth and Bultman 1986; McDougall et al. 1988; Barbosa et al. 1991; Trumble et al. 1991; Navon et al. 1993) . Moreover, insects in nature are exposed to chemical complexes rather than single chemicals that have undergone various extractive protocols. Chemicals that are part of mixtures in real plant tissues may act in additive or synergistic ways (Lukefahr and Martin 1966; Berenbaum and Neal 1985; Farrar and Kennedy 1987; Berenbaum et al. 1991; Trumble et al. 1991; Berenbaum and Zangerl 1993) . Even the extraction method may affect the chemical's toxicity to an herbivore (Rowell-Rahier and Pasteels 1990) .
Available information suggests that low nutrition, high UV, and multiple chemicals generally add to or synergistically enhance toxicity. There are likely to be exceptions to these trends, but the general pattern is persuasive. Obviously, the chemical extraction method, the internal state of the insect, and genetic differences among individuals make chemical toxicity more variable (of course, genetic differences also provide the raw material for the coevolutionary process). Plant chemicals can be toxic to the predators, parasites, and diseases that attack herbivores, thus possibly reducing enemy impacts on herbivore mortality. However, chemical effects on the third trophic level are mixed and thus also make the overall effects of toxicity on herbivores more variable. As a result of these various complications, bioassays based on single chemicals in nutritious artificial diets may underestimate toxicity and its variability experienced by herbivores in nature. However, there is no reason to believe that these underestimates will invalidate the qualitative patterns that emerged from this broadscale analysis. Indeed, patterns in nature may be stronger than those detected in the laboratory. Inferences based on single chemicals in nutritious artificial diets are probably conservative with respect to patterns of toxicity predicted by defense theory.
Bioassays do have limitations. They are good at testing for herbivore adaptation to defense chemicals, but they can say little about how a particular chemical defense evolved. Jermy (1976 Jermy ( , 1984 suggests that insects do not impose significant fitness reductions in plants and thus do not drive secondary chemical evolution. However, the bioassay data do provide circumstantial evidence that insects impose selection on plants. Insects generally become adapted to widespread chemicals and thus, by implication, increase selection on plants to alter their defenses. In addition, there is ample evidence from the plant resistance literature that resistance to herbivores varies among plant individuals and is under genetic control (Marquis 1990 (Marquis , 1992b Berenbaum and Zangerl 1992) , that herbivores can reduce plant fitness and thus impose selection on this resistance (Marquis 1984 (Marquis , 1992a (Marquis , 1992b Futuyma and Keese 1992) , and that plants respond (Simms and Rausher 1987; Simms 1992; Bergelson and Purrington 1996) . The coevolutionary cycle is thus plausible.
There is little disagreement that insects undergo adaptive radiations in response to plant defenses (e.g., Strong et al. 1984; Janz and Nylin 1998) . But do plants undergo adaptive radiations in response to escape from herbivory? We have shown that widespread chemicals tend to be less toxic than narrowly distributed ones, which suggests that such radiations have taken place in the past. But in order to infer "escape and radiation," narrowly distributed chemicals must be younger and more derived, and widespread chemicals must be older and more primitive. But some chemicals such as nicotine might be widespread because they arose independently several times in different taxa as a result of their structural simplicity and ease of synthesis, not because they are older. The age-toxicity relationship has been shown for at least two cases where the biosynthetic pathway contains information on the trajectory of coevolution (Berenbaum 1983a; Farrell and Mitter 1998) . Unfortunately, chemicals cannot always be organized biosynthetically because precursors for particular compounds are not always known, and if they are, their floristic distribution is often poorly documented. Moreover, defense escalation may not always follow predictable biosynthetic pathways; more toxic chemicals might arise unpredictably from unexpected precursors (e.g., Feeny 1977) . Thus, we do not organize chemicals biosynthetically but simply test the relationship between the chemical's floristic distribution and its toxicity. Available evidence suggests that floristic distribution correlates with age and that examples like nicotine are rare. Plant "escape and radiation" may thus be inferred from the chemical distribution-toxicity relationship.
Further support for plant "escape and radiation" comes from phylogenetic analysis. Past radiations leave a signature in the pattern of relatedness among plants containing the same chemical. Since at least the time of Ehrlich and Raven (1964) , it has been known that closely related plants tend to share chemistry. Evidence for this pattern is mounting from modern molecular and phylogenetic techniques as well Becerra 1997; Farrell and Mitter 1998) . Comparisons among taxa containing and lacking particular chemicals have indicated that adaptive radiations are associated with the acquisition of novel, increasingly more toxic defenses Mitter and Farrell 1991; Farrell and Mitter 1998) . Other circumstantial evidence also supports the "escape and radiation" model (Farrell and Mitter 1993; Becerra 1997; Farrell 1998; Janz and Nylin 1998; Kelly and Farrell 1998; Janz et al. 2001) . Phylogenetic analysis does not always support escape and radiation (Farrell and Mitter 1993) , and flowering plants may have diversified too early to have been affected by Lepidopteran feeding, as was proposed by Ehrlich and Raven (Janz and Nylin 1998) . But evidence for the relationship between adaptive diversification and key innovations is persuasive, bolstering our inference that chemicals are widespread because of such diversifications.
Conclusion
With this analysis, we have come full circle from Ehrlich and Raven's classic article. They conducted a literature analysis looking for the signal of coevolution in taxonomic and chemical distribution data. Their analysis, in conjunction with studies by Dethier, Fraenkel, and Feeny, stimulated a rash of work testing for coevolution and subsidiary theories with laboratory bioassays. Here we do a literature analysis of the bioassay work, looking for coevolution and apparency effects in the distribution of chemicals and their toxicity to herbivores. Despite past skepticism about the relevance of coevolution to insect/ plant interactions, the bioassay data support the phytochemical coevolution model. Coevolution may be diffuse, and microorganisms may also select for plant defense, but the signal of coevolution still appears in the differential responses of herbivores to toxic chemicals. In addition, numerous phylogenetic analyses support "escape and radiation," a critical prediction of coevolution. However, at least two key questions are unanswered by our study. First, are the patterns that we found uniquely predicted by standard coevolution and apparency theories, or can they be otherwise explained? This question will have to remain open until other mechanisms are presented and explored in detail. Second, how much of the unexplained variation in toxicity can be explained by alternative defense theories? More immediate progress can be made on this question. Future studies should take a more comprehensive view of plant defense, testing the relative importance of various processes rather than treating them as mutually exclusive alternatives. Large-scale analyses such as ours may provide a good starting point for teasing apart the effects of these processes once the appropriate hypotheses are formulated.
